Tool degradation may be significantly different depending on small variations in chemical compositions of the workpiece material. The present study is an in-depth microstructure investigation of worn low content polycrystalline cubic boron nitride tool materials after dry hard turning of steels with low and high sulphur contents. The results illustrate the important role of sulphur content on the degradation of the crater zone. Sulphides tend to adhere on the wear surface and form layers that protect the tool from workpiece ingress. In the absence of sulphides in the workpiece material, no protective layer can form and iron compounds make their way into the tool microstructure already at lower cutting speeds (150 m/min) and preferably attack cBN grains compared to Ti(C,N) grains.
1.
Introduction Hard turning operations with polycrystalline cubic boron nitride (PCBN) tools have several advantages compared to grinding operations in machining of hardened steels. Hard turning leads to reduced costs by an overall time reduction in concerned production steps as well as better surface finish and is more environmentally friendly by avoiding cutting fluids. PCBN cutting tool materials has proven to be an appropriate choice in this specific field. The main wear mechanisms discussed in hard turning with PCBN tool materials are abrasion, adhesion and chemical or diffusion wear [1] [2] . Many factors influence the wear mechanisms of the tool material in hard turning. Machining parameters like speed, feed, depth of cut are important as well as tool geometry but also the chemical composition of both the PCBN tool material and the workpiece material [3] [4] . Low content PCBN materials (45-65 vol% cBN) commonly consist of cBN grains in a ceramic matrix. The major matrix phase is often a Tibased compound, such as TiC, TiN or Ti(C x ,N 1-x ). The range of workpiece materials is wide and includes many chemical compositions and thus microstructures of hardened steels with different carbides, oxides and inclusions. Sulphide inclusions play an important role in machining of steels, not only with PCBN tools. It is known that sulphide inclusions are more ductile than the rest of the steel matrix and can thus act as chip-breaking-points during machining [5] . It has been shown that sulphide inclusions from the workpiece material can adhere to cemented carbide cutting edges in machining, where MnS is found [6] [7] . It has also been described that inclusions can be sliced off and smeared out in tool/chip interfaces in machining operations. The sulphide inclusions are found to be chemically stable at average cutting temperatures, without any signs of dissociation, however at higher cutting speeds and higher cutting temperatures the action of sulphides tends to disappear as the adhered layer decreases. This has led to the question whether sulphide layers could be stable in the contact zone at lower cutting speeds in machining and thus prevent iron deposition but lose their stability at higher temperatures with an increase in iron deposition as a result [8] [9] [10] . Investigation of PCBN tool wear [11] when machining compact graphite iron (CGI) and grey cast iron (CI) also showed that the degradation is depending on a MnS layer to form on the tool cutting edge. The formation of this layers and its positive impact on degradation is presented to be the reason to why sulphide containing CI materials are more machinable than CGI. A built-up layer or adhered layer is often observed and discussed for machining with PCBN tools [12] [13] [14] [15] [16] [17] [18] . This layer is most commonly analysed with EDX by point analysis on the cutting edge. The purpose of this study is to contribute to the knowledge of how fundamental machining mechanisms can be investigated and visualised with in-depth microstructure investigations. The present study is an investigation of what impact a small variation of the chemical composition, i.e. sulphur content, in the workpiece material has on the degradation mechanisms active in crater wear of low content PCBN cutting tools.
2.
Experimental methods
Tool and workpiece material
The investigated tool material (in the form of CNGA 120412 inserts) used in the turning operation was a low content PCBN tool material. The microstructure contains ~55 vol% cBN grains in a complex ceramic matrix consisting of primarily Ti(C,N) and Al 2 O 3 . This tool material has been extensively studied before [19] [20] . Two types of steel (A and B) were used as workpiece materials with compositions presented in table 1. The steels were in the form of rods and both obtained from the same steel-maker (Ovako Steel). The difference in composition primarily lies in the sulphur content as table 1 shows. The rods were all case hardened to ~63 HRC (table 2) and the hardness was measured before every test.
Experimental procedure -turning test
Identical dry hard turning tests were performed on both steels. The length of the steel rods was 400 mm and the cutting time for one pass was approximately 180 s. A speed of 150 m/min was used with a feed of 0.2 mm/rev and a cutting depth of 0.15 mm. Two times two tests were performed for each workpiece material type. The first type of test was one pass and the second type of test was three passes of the PCBN insert over the steel rods. Figure 1 shows the setup for the machining test.
Characterisation methods
All machined PCBN inserts were investigated with a Leo Ultra 55 field emission gun SEM equipped with an Oxford Inca EDX system. EDX mapping was performed on the crater regions by tilting the analysed area towards the EDX detector. EDX maps were obtained from the following lines in the EDX spectrum: [6, 21] . The technique includes Ga ion milling to remove material and cut out ~5x40x15 µm specimens, which are lifted out with a micromanipulator and placed on small Cu-grids. With this technique, thin specimens were taken from across the crater on the rake face and thinned down into TEM foils (with relative thickness (t/λ) < 0.6, t = thickness and λ = electron mean free path). Specimens were produced from one PCBN tool material machined in material A (high sulphur content) and another PCBN tool machined in material B (low sulphur content), both after 3 passes. The foils were investigated in a FEI Titan 80-300 FEG TEM with a Gatan Tridiem 866 image filter system operated at an acceleration voltage of 300 kV. EFTEM elemental maps were obtained from the following edges;
Results
Differences in chip formation behaviour were observed during the machining tests. The chips were broken into smaller pieces when material A (high sulphur content) was machined, while long chips were formed when material B (low sulphur content) was machined. The flank wear (VB) and crater depth was measured with an optical microscope as well as the hardness, seen in table 2. Only small variations, with a slightly deeper crater for the test cut in Material B, are seen between the tests with the two workpiece materials. Figure 2 shows SEM micrographs from the crater region on the rake face from different tests after one pass and after three passes. It can be seen that the crater width increases with the number of passes, i.e. with increased interaction time between tool and workpiece material.
SEM and EDX results
Comparisons are also made between PCBN tools machined in material A (high sulphur content) and B (low sulphur content) after one or three passes. It is observed that the crater shape is slightly different both after one pass and three passes. After machining material A the PCBN tools show an uneven edge in the back of the crater. Otherwise the overall crater size appears to be somewhat similar.
SEM investigations show an adherent layer on both the rake face and flank face, see figure 2 . Built-up layers and scattered areas are seen close to the crater edges and on areas beyond the crater on the rake face. More built-up layers are observed on tools from test with material A (high sulphur content). Theses built-up layers and scattered areas decrease with increased interaction time.
SEM/EDX mapping was performed on the rake face, with its formed crater, for all the tested PCBN inserts. Examples of analysis results are presented in figure 2 . EDX maps from elements present in the PCBN material can be seen in the B, and Ti maps. EDX maps from workpiece material elements can be seen in the O, Fe, Mn and S maps. These maps show the distribution of the adhered layer on the rake face.
If EDX mapping results are compared it is observed that a higher iron signal is obtained in the crater region for PCBN tools after machining Material B (low sulphur content) both after one pass and after three passes. The iron signal is nicely confined to the crater as seen in figures 2b and d. Iron is also found on the tools after machining material A (high sulphur content) but it is more localised to the crater edges as seen in figures 2a and c. The oxygen maps show oxidised regions of the adherent layer. Sulphur is found in the whole crater region on the tools after machining material A where it coincides with manganese signal (figures 2a and c).
Manganese is found on the crater edge regions off PCBN tools after machining Material B where it often coincides with oxygen figures 2b and d.
It can also be observed that almost no boron, from cBN, can be observed in the crater in figures 2b and d, from the PCBN tool after machining material B (low sulphur content), compared to figures 2a and c, from the tool after machining material A (high sulphur content) where B, from cBN, is detected in the crater.
TEM and EFTEM results

Results from machining test with material A (high sulphur content)
The TEM study of specimens taken from the PCBN inserts after machining workpiece material A (high sulphur content), show several characteristic features. EFTEM elemental maps were obtained from different areas and for the different elements. Some examples are presented in figures 3-5. Mn and S areas are commonly found as features at the wear surface, see Mn and S elemental maps in figures 3 and 4. These areas are often elongated and look as if they were smeared on the surface. Mn and S areas are frequently found close or closest to the wear surface. Iron-rich features are also found on the wear surface. These iron-rich areas are often oxidised as for example seen in the Fe and O elemental maps in figure 5 . It is also observed that some oxidised iron-rich areas contain Mn (Mn elemental map figure 5 ).
Another observation is that cBN grains on the wear interface tends to have a concave shaped wear surface (for example seen in figure 4) while Ti(C,N) grains on the wear surface tends to have more flat or even convex phase boundaries (for example seen in figure 5 ). In addition, it is often found that cBN grains are more worn if compared to neighbouring Ti(C,N) grains.
Results from machining test with material B (low sulphur content)
Some of the TEM/EFTEM results from the PCBN tool material after machining the workpiece material B (low sulphur content) are presented in figure 6 If the wear surface is studied closer it is observed that it mainly consists of Ti(C,N) grains and only occasional cBN grains are found on the actual wear surface. cBN grains that are observed show similar "concave like" appearances as from the test with material A (high sulphur content). The Ti(C,N) grains found on the wear interface itself show "flat and convex type" appearances as from the test with material A. When the wear surfaces of the grains of respective phase are studied below the wear surface, the shape is changed. Figure 6 (which is colour coded in figure 8c) shows an example where the cBN grain in the centre is attacked by a iron-rich feature. The wear surface of that cBN grain is uneven as seen in both the B and N elemental maps. Ti(C,N) wear surface below the wear interface are not uneven. Figure 7 shows several smaller Ti(C,N) grains in contact with a penetrating iron-rich feature which look more or less smooth, even though small signs of interaction can be observed.
Discussion
Degradation behaviour on a macroscopic level
It is known that sulphides in steel workpiece materials have an impact on the breaking of chips, i.e. the chip breaks into smaller pieces with sulphides present. This phenomenon was thus expected to take place in the present study. In fact the chip formation during machining of the workpiece material A (high sulphur content) was seen as small chip pieces breaking of, while long pieces were formed during the machining process of the workpiece material B (low sulphur content). Only minor differences are seen in measured flank face wear (VB), crater depth and crater size on the machined PCBN tools for both materials A and B. SEM/EDX results from the crater regions showed workpiece material elements present in the crater and neighbouring regions. More built-up layers were found on the tools after machining material A (high sulphur content). This can be coupled to the capability of sulphides to adhere on cutting tool edges. This also agrees well with the observation that S and Mn areas were found in the whole crater area on the tools after machining material A. It was also evident that more iron was present in the crater regions of tools after machining material B (low sulphur content), which was confirmed in the cross-section study by TEM/EFTEM. SEM/EDX analysis also showed less B signal from cBN grains in the crater on the tool after machining material B, which can be coupled to the EFTEM results showing a more or less cBN depleted zone closest to the wear surface. More B signal from cBN was thus observed with EDX for the tools after machining material A, where TEM/EFTEM analysis showed cBN grains in the actual wear surface.
Degradation behaviour on the micro-and nanoscopic level
This study shows similar degradation behaviours to those recognised in earlier studies [6] [7] where another workpiece material geometry as well as a slightly lower workpiece material hardness were used and where both studies included workpiece materials with higher sulphur contents. In the first of the previous studies [6] , the same cutting speed, depth and feed was used as in the present investigation. Results from this study showed unexpectedly high frequency of Mn and S areas close and closest to the wear interface. cBN grains and Ti(C,N) grains showed wear interfaces resembling those found in the present study with concave and convex shapes, respectively. The later paper [7] was a study of the impact of a higher cutting speed, where the most important observation was that iron-rich areas penetrated the PCBN tool material and primarily attacked cBN grains. The present study shows that the degradation behaviour changes when the chemical composition of the workpiece material changes, i.e. a variation of the sulphur content, see figure 8 . With higher content of sulphur in the workpiece material (material A) the wear behaviour show correlations with the earlier study [6] , however when the workpiece material has a low sulphur content (material B) the wear behaviour instead resembles that of the findings found in the other study done with a higher cutting speed [7] . With low sulphur content in the workpiece material the PCBN tool is more aggressively worn and iron-rich features make their way into the tool itself, see figure 8 . As the earlier studies also show, cBN appears to be primarily degraded compared to Ti(C,N) independently of the cutting speeds tested or if sulphide inclusions are present in the workpiece material or not. Ti(C,N) appears to degrade in the same way no matter if sulphur is present in the workpiece material or not.
Impact of degradation mechanism on the crater formation
The present study shows two different wear mechanisms for the PCBN tool depending on the chemical composition of the workpiece material, i.e. variations of the sulphur content. It is shown that when sulphide inclusions are present in the workpiece material it tends to smear the wear interface in the crater. When the amount detected on the wear interface is compared to the content in the workpiece material it is clear that sulphides are somehow favoured to stay in this region. The smeared sulphides on the wear surface can act as a lubricant and decrease friction. In addition, the chips are easily removed from the cutting zone since they break into small pieces. Without sulphides to reduce friction a possible degradation scenario can be discussed. A higher friction means a higher temperature which can explain the penetration of iron-rich features into the PCBN tool. This can also explain why the degradation behaviour resembles that of an increased cutting speed, where the cutting temperature also increases. However, even though two degradation mechanisms were identified only slight differences were observed on the overall tool wear. These tests were perhaps too short to grasp the complete impact of the different mechanisms. One can imagine an increased risk of chipping if one major phase, cBN, is depleted in the region closest to the wear surface and replaced by penetrating iron-rich features. At some point the stress may be too high for this configuration to hold together and fracturing might take place.
The temperature and pressure in the contact zone on the cutting edge evidently has a significant impact on the plasticity of sulphides as well as their lubricating effect. The protective role of the sulphide from iron penetration decreases with increasing temperature caused by for example a higher cutting speed. In the absence of sulphur in the workpiece material the protective sulphide layer on the crater is missing and iron can thus penetrate the tool material at lower cutting speeds.
Conclusions
The present study shows how sulphur in the workpiece has an impact on the wear behaviour of PCBN tools. Sulphides tend to enrich on the wear surface of the PCBN tool crater region and acts as a protective layer towards iron. When sulphides are absent in the workpiece material more severe degradation takes place in the crater, where iron-rich features penetrate the microstructure of the tool material. cBN grains are more affected compared to Ti(C,N) grains both with and without the protective layer. However, when the protective layer is absent cBN grains are considerably more aggressively attacked compared to when the protective layer is present. 
